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A  B$ TR A  G  T  Membrane potentials were recorded in isolated segments of inter- 
scapular brown adipose tissue from rats. After equilibration at 29°C in Krebs- 
Ringer bicarbonate buffer a mean value of --51  4- 4 mv (sD) was found. This 
level could be maintained for up  to 5  hr.  The mean effective membrane re- 
sistance was 1.35  4- 0.45 megohm. The membrane potential was a function of 
the  extraceUular potassium concentration.  Ouabain (10-8-10 -8 M)  and  incu- 
bation in K-free buffer produced progressive depolarization. Epinephrine and 
norepinephrine in concentrations as low as 10  -8 g/m1 produced a  prompt de- 
polarization. Cooling of the tissue and lowering of the oxygen tension caused a 
marked and reversible decrease in the membrane potential. In tissue obtained 
from cold-adapted rats, the membrane potential was considerably diminished. 
Assuming that the membrane potential is some function of the Na permeability 
of the plasma membrane it is suggested that an increase in the rate of active 
Na-K transport and ensuing ADP formation might contribute to the increase 
in respiration seen during exposure to thermogenic stimuli. 
INTRODUCTION 
Extensive studies have been made into the processes of organic metabolism in 
both  white  and  brown  adipose  tissue  (1).  More  recently,  the  electrolyte 
metabolism of white adipose tissue has been characterized, and it was demon- 
strated that cations and cation transport are fundamental to organic metab- 
olism and hormone action (2-5).  However, very little information is available 
about the electrophysiological properties of adipose tissue  (6,  7).  The aim of 
the present work has been to characterize these properties using interscapular 
brown adipose tissue. 
The thermogenic function of this organ is well-documented (8, 9), and such 
particular  aspects  as its high Qo,,  sensitivit-}  to  environmental temperature, 
and  pronounced  hormone  responsiveness  have  been  described  (10-12). 
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Preliminary work  showed  that  these  properties  were reflected  by  the mem- 
brane potential  (13). The present study shows that catecholamines, hypoxia, 
and cooling produce a rapid depolarization in brown adipose cells, and that 
the membrane potential  in cold-adapted  rats is diminished. On the basis of 
these results it is suggested that changes in the ionic permeability of the plasma 
membrane and  in the rate  of active  Na-K  transport might be contributing 
factors in the regulation of heat production in brown adipose tissue. 
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FIGURE  I.  Diagram  (not  to  scale)  showing  cross-sections of organ  bath  and  gas ex- 
changer (G.E.).  Two systems were used in parallel and connected to the same thermo- 
regulating reservoir. Peristaltic pump  (P); microelectrode (M.E.); tissue (T), mounted 
on cork (C). The gas mixture was humidified in the thermoregulated bath (T.B.) before 
passing into the gas exchanger. 
METHODS 
Male Wistar rats weighing from 115 to 280 g were used in this study. They were kept 
at  23°C  and  had  free access  to  Altromin  laboratory  chow  (Kunath  Co.,  Aarau, 
Switzerland).  A  separate series of experiments was performed with rats which had 
been kept at 8°C for 3wk. The animals were killed by decapitation and the interscap- 
ular fat pad rapidly excised, washed in the medium used for incubation, and trans- 
ferred to the organ bath. Usually two segments weighing around 40 mg were obtained 
from each side of the midline. Surrounding connective tissue and white adipose tissue 
were carefully removed using iridectomy scissors.  The  pads  were stretched lightly 
and  fixed with stainless steel needles on cork embedded in paraffin. Recordings of 
membrane potentials could be started less than 5 rain after the sacrifice of the animal. 
Unless  stated  otherwise,  Krebs-Ringer  bicarbonate  buffer (14)  of the  following 
composition in raM: Na  + 143.4; K + 5.9; CI- 128.2; Ca  ++ 2.5; Mg  ++ 1.2; H~PO4- 1.2; 
HCOa- 24.9; SO4 -- 1.2 and containing 1% human serum albumin and 5 mM glucose 
was used as the basic incubation medium. 
The Organ Bath 
The  tissue  segments  (control  and  experimental)  were  mounted  in  two  chambers 
(volume, 7 ml) surrounded by a water jacket for thermoregulation (Fig.  1).  In most 
experiments the temperature was maintained  at 29.0°C 4-  0.1 °C. The buffer (total L.  GIRARDIER ET AL.  Membrane  Potential of Brown Adipose Tissue  927 
volume,  15 ml) was continuously recirculated  by a  peristaltic pump with an output 
of 2  ml per min.  Before reaching  the  chambers,  the  fluid  passed  through  thermo- 
regulated exchangers which were flushed with a  humidified mixture of 95 %  02 and 
5 %  CO 2. The same gas mixture was led over the open surface of buffer in the cham- 
bers. With this arrangement the pH in the organ bath could be maintained at 7.4 and 
Po~ at 600 mm Hg (measured with a  Beckman oxymeter, Catalogue No. 96260).  In 
some experiments the oxygen tension was lowered using a gas mixture containing 20 % 
03, 5 %  COs, and 75 % N2. 
The  electrode  impalements  of individual  cells  were  made  under  visual  control 
using a  micromanipulator and a  dissecting microscope. To help track the tip of the 
electrode fluorescein (1  g/liter) was added to the solution used for filling. 
Electrical  Recording 
The microelectrodes were filled with 3 M KC1 solution that had been passed through a 
porcelain filter (pore diameter  1.4 #). The resistance of the electrode ranged between 
8 and  15 rnegohms and the tip potential did not exceed  -- 10 my. 
The  reference  electrodes  were  either  calomel  half-cells  or  silver  silver-chloride 
wires. The first stage of amplification was composed of a  FET (PF1  probe amplifier, 
Bioelectric Instruments, Inc., New York) with an input resistance of 1012 ohms and an 
input  leakage  current  below  10  -~  amp.  The  measurements  of input  resistance  in 
brown fat cells described below show that these characteristics were sufficient for the 
present purpose. 
The amplifying circuit included  a  PC source used to balance the input voltage to 
zero when the recording electrode was in the bath. A  decade calibrator was used to 
measure the membrane potential by balancing it out to the nearest miUivolt. 
Criteria  of Electrode Selection 
In a  separate series of experiments, a  Wheatstone bridge circuit was used to balance 
out  the  electrode resistance and  to monitor continuously  the  increase  in De source 
resistance during about 100 impalements. 
The following was  observed: When  the  electrode made contact with  the  cell,  a 
rather slow increase in positive deflection (with the bath as reference) was recorded. 
Simultaneously, the De input resistance rose to several hundred megohms. This posi- 
tive deflection was followed by an abrupt negativity accompanied by a  decrease in 
effective resistance down to  1-2 megohms, presumably as a  reflection of penetration 
into the cytoplasm. During the next 5-30 see the following changes could occur: (a) 
The potential  spontaneously stabilized  at a  level of a  few millivolts more negative 
than  the  initial  rapid  deflection.  Simultaneously, the resistance increased  by a  few 
hundred  kiloohms.  Both  phenomena  were  attributed  to a  resealing  of the  plasma 
membrane. (b) More frequently, the potential attained a value which was less negative 
than the initial deflection, and the resistance increased by several megohms. In these 
cases the position of the electrode was changed slightly. This maneuver almost regu- 
larly  produced  an  increase  in  the  inside-negative  potential  to  values  equal  to  or 
slightly  higher  than  the  initial  rapid  deflection  and  at  the  same time the  effective 
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On the basis of these observations the following criteria were applied: values were 
only recorded if the  deflection after stabilization remained  constant during several 
sweeps of the beam across the oscilloscope (5 see a sweep). It is important to note that 
in these cases, slight movements of the electrode produced no further change in po- 
tential, and that the resistance had attained a minimum value.  If such stabilization 
could not be obtained, the value was rejected and the electrode discarded. 
It was noted that the stable negative potential was smaller with electrodes giving 
high positive deflections (5-30 my) upon contact with the cell. The amplitude of the 
positive deflection was a  function of the electrode resistance and became reduced to 
very low values when the very tip of the electrode was broken by slight rubbing on 
the surface of the tissue. In many cases, after such treatment, the electrode gave higher 
negative steady potentials and could be used according to the criteria given above. 
It is thought that the positive deflection gives an indirect measure of the tip potential. 
When the positive deflection was higher than 5 mv, the electrode was discarded. 
Potassium E~ux Measurements 
Segments of brown adipose tissue were loaded with ~K by incubation for 60 rain at 
29°C in Krebs-Ringer bicarbonate buffer to which trace amounts of the isotope had 
been added. In order to avoid direct handling, the tissue was attached to surgical silk 
and  quickly  transferred  to  incubation  flasks  containing  2  ml  of unlabeled  buffer. 
The washout  of 42K was  followed by carefully transferring the  tissue  to new  flasks 
every 10 rain. The buffer was equilibrated throughout with a mixture of 95 % O~ and 
5 %  CO2,  and  incubation  took  place  in  a  Compenstat  Gallenkamp  (Brit.  patent 
882942)  metabolic agitator moving 80 cpm. At the end of efflux measurements,  the 
40-K activity  released  into  each  incubation  flask  was  determined  using  a  TriCarb 
liquid  scintillation  spectrometer No.  3002  (15).  The radioactivity released in  each 
10  rain  efflux  period  was  expressed  as  a  fraction  of calculated  total  tissue  radio- 
activity during the same interval (16). 
Chemicals, Hormones, and Isotopes 
All chemical were of analytical grade.  Theophylline and ouabain were products of 
E.  Merck (Darmstadt,  West Germany).  Epinephrine  and  norepinephrine were ob- 
tained from Fluka,  Buchs (Switzerland); reserpine from Ciba,  Ltd.  (Basel,  Switzer- 
land)  and 3 t,5'-cyclie AMP froul Schwarz Bio Research,  Inc. (Orangeburg, N. Y.). 
Human serum albumin was purchased from the Swiss Red Cross (Bern, Switzerland) 
and used after dialysis against distilled water for 24 hr. 4~KC1 (produced by irradia- 
tion  of K2CO3  and  subsequent  neutralization  with  HC1)  was  obtained from  the 
Isotope  Division,  Research  Establishmenl  Rise  (Roskilde,  Denmark).  The  specific 
activity was  100 mc/g K. 
RESULTS 
The potentials given in the following all represent recordings of values which 
were negative with respect to the bath. L.  C-'IRARDIER ET AL.  Membrane Potential of Brown Adipose Tissue  929 
Observations under Standard Conditions 
Immediately after isolation of the brown fat pad,  values around  30 mv were 
obtained. During the first 40 min of incubation there was a gradual rise after 
which the potential remained constant at around 51 mv for a  period of up to 
5 hr at a  temperature of 29°C (Fig.  2). 
Fig. 3 shows the distribution of potentials recorded after the steady state had 
been  attained.  It  appears  that  there  is  a  close correspondence  between the 
observed and  the calculated  Gaussian  distribution.  By the probit test it was 
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FIou~ 2.  Evolution of membrane potential in a  preparation of rat  brown adipose 
tissue in Krebs-Ringer bicarbonate buffer at 29oC.  Filled circles represent individual 
impalements. The vertical bars represent twice the  standard deviation (SD) of values 
recorded within the periods indicated by the horizontal lines. 
confirmed that the potentials were normally distributed. There was relatively 
little interindividual  variation,  even between animals  of different age.  There 
was  no  significant  correlation  between weight  of the  animals  (in  the range 
from  115 to 280 g)  and  the steady-state membrane  potential. 
The effective resistance was measured after stabilization of the potential.  A 
mean value of 1.35  4- 0.45 megohm  (SD) was found  (N  =  36). 
Influence of Potassium Concentration and Ouabain 
Each preparation was first incubated for 40 min in the standard Krebs-Ringer 
bicarbonate  buffer.  Then  the  K  concentration  was  changed  by  replacing 
varying volumes of the circulating buffer with a medium in which K  had been 
isoosmotically substituted for Na.  (K)o was lowered by replacing  in a  similar 
way with  a  buffer  in which  all  K  had  been replaced  by Na.  The means of 
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~'IGURE 3.  Frequency distribution of membrane potentials in brown adipose tissue. Re 
cordings were made after 40 rain of equilibration at 29°C in Krebs-Ringer bicarbonate 
buffer. A total of 718 values obtained in 50 individual experiments is shown. The curve 
represents the theoretical (Gaussian) distribution calculated on the basis of the standard 
deviation. 
slum concentration was  checked  by flame photometry, using  an  Eppendorf 
flame photometer. 
Fig.  4  shows  that the membrane potential is  a  function of the potassium 
concentration. Maximum values were obtained at a (K)o of 5.9 mM which was 
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FIGURE 4.  Influence of (K)o on membrane potential. Segments of brown adipose tissue 
were equilibrated for 40 rain in Krebs-Ringer bicarbonate buffer at 29°C. (K)o (shown 
on a logarithmic scale) was augmented by replacing varying volumes of the circulating 
buffer with a Krebs-Ringer bicarbonate buffer in which all Na had been isoosmotically 
substituted for by K. (K)o was lowered by replacing in a similar way with K-free Krebs- 
Ringer bicarbonate buffer. After  10 rain of equilibration at the new K  concentration, 
recordings were started. 6 preparations were used, and each cross represents the mean 
of at least 15 measurements. The dashed line has been drawn with a slope of 60 mv/10- 
fold change in (K)o through the mean of values obtained at the  highest  (K)o tested. 
The  solid  line indicates the theoretical potential change calculated by the  Goldman 
equation assuming (K)i  =  135 mM, and (Na)i  =  15 mM. L.  GIP.ARDIER  ET AL.  Membrane  Potential of Brown Adipose Tissue  931 
the  concentration  in  the  standard  Krebs-Ringer  bicarbonate  buffer.  At  in- 
creasing (K)o a depolarization was observed. A  straight line with a slope of 60 
my/tenfold change in (K)o was drawn through  the means of values recorded 
at (K)o higher than 40 mM. By extrapolation,  the potential should attain zero 
at a  (K)o of 135 raM. 
When (K)o was lowered, the membrane potential decreased. Other experi- 
menu,  in which  the potential  was followed during  prolonged  incubation  in 
K-free medium,  showed that  this depolarization  progressed with time.  Upon 
reestablishment of the normal (K)o, the membrane potential rapidly returned 
to the control level. The depolarization was thought to be the result of inhibi- 
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FIGURE 5.  Effect of ouabain  on membrane  potential  in  brown adipose tissue. After 
equilibration  at 29°C in Krebs-Ringer bicarbonate buffer ouabain  (dissolved in buffer) 
was added so as to give the indicated final concentration. 
of this  active transport  process in other  tissues,  also produced  a  gradual  de- 
polarization.  This  effect could be demonstrated  with  ouabain  in  concentra- 
tions from  10  -e to  10  -3 M.  It should be noted that the depolarization  was not 
complete; as seen in Fig.  5,  a  plateau was attained  2  hr after the addition  of 
ouabain. 
Effect of Epinephrine and Norepinephrine 
The effect of epinephrine  on the membrane  potential  is described in Figs.  6 
and 7. When added in high concentrations  (10-7-5.10 -6 g/M), a  prompt and 
sustained depolarization was observed. This could be detected within the first 
minutes of exposure to the hormone  (Fig. 6). Fig.  7 illustrates that concentra- 
tions down to  10  -8 g/ml  also reduced the membrane  potential  although  the 
effect was less abrupt and spontaneously reversible. Epinephrine  (10  -8 g/ml) 
could be added repeatedly to the same preparation  and complete recovery of 
the  potential  achieved  in  the  intervals.  Norepinephrine  produced  closely 
similar effects. As the catecholamines are labile substances, it seems likely that 932  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  52  .  1968 
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FIGURE 6.  Effect of epinephrine on membrane potential in brown adipose tissue.  Two 
separate  experiments  are  represented.  After  equilibration  at  29°C  in  Krebs-Ringer 
bicarbonate buffer epinephrine  was added so as to give a final concentration of 5.10  --~ 
g/ml.  Note that  in  both preparations  epinephrine  rapidly diminished  the  membrane 
potential to about the same level,  which was subsequently maintained. 
when  added  in  small  concentrations,  the  reversibility  of the  depolarization 
was due  to degradation. 
As S t , 5 Lcyclic-AMP  has been identified  as a  mediator of the effect  of cate- 
cholamines  on  metabolism,  the  effect  of  this  compound  was  assessed  in  a 
number  of experiments.  Concentrations  up to 0.5 mM had no detectable effect 
on  the  membrane  potential  in  the  steady  state.  Thus,  3',5'-cyclic-AMP  is 
either  not a  mediator  of the depolarizing  effect of epinephrine,  or it does not 
reach  the receptor  sites  when  applied  externally.  Theophylline,  a  compound 
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FIGURE 7.  Effect of epinephrine on membrane potential. Two segments of brown adi- 
pose tissue  obtained from the same  animal were incubated  simultaneously at 29°C in 
Krebs-Ringer bicarbonate buffer. One was kept as a control (filled  circles); to the other 
(open circles)  epinephrine was added so as to give the indicated  final concentrations. 
Note  the  rapid  and  spontaneously reversible  depolarization. L.  GIRARDIER ET  AL.  Membrane  Potential  of Brown Adipose Tissue  933 
known to inhibit the phosphodiesterase involved in the degradation of 3',5L 
cyclic-AMP, did not produce any change in the potential, either when added 
alone (2 rnM) or together with 3', 5'-cyclic-AMP. 
The brown adipose tissue is known to contain appreciable amounts of nor- 
epinephrine located in nerve endings, and it has been demonstrated that upon 
the administration of reserpine, this store is virtually depleted (17).  In order 
to assess the role of this endogenous source of catecholamine, experiments were 
performed using animals pretreated with reserpine (5 mg/kg intraperitoneally 
18 and 6 hr before the experiment). Tissue obtained from these rats showed 
the same steady-state potential as controls; however, this level was attained 
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FIouI~  8.  Evolution of membrane  potential  in  brown  adipose  tissue  obtained  from 
rats  kept at  respectively 23°C  (control)  and  8aC for 3  wk. 
immediately after  isolation of the tissue.  It seems likely that a  liberation of 
norepinephrine occurring during the preparation could have caused the ini- 
tial depolarization observed in controls (see Fig. 2). 
Effect of Adaptation to Cold 
After 3 wk at an environmental temperature of 8°C, the interscapular brown 
fat  pads  were considerably  enlarged.  Segments of 40  mg,  when incubated 
under the standard conditions, yielded a  membrane potential of 29  -4- 4  my 
(SD)  (mean of 34 values recorded in  the interval from 40  to  100  min after 
sacrifice of the animals). The experiment described in Fig. 8 shows that after 
2~ hr of equilibration there was a slight increase. In other experiments values 
around 30 my were maintained for more than 4 hr. 
Influence of the Temperature in the Organ Bath 
Lowering the temperature was consistently found to produce depolarization, 
which was  nearly  completely reversible.  This  effect is  described in Fig.  9, 
which shows the change in  membrane potential observed within the same 934  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  "  VOLUME  59  '  ~968 
experimental  period  in  segments of brown adipose  tissue from  two different 
animals.  In  other  experiments  it  could  be demonstrated  that  provided  the 
cooling occurred rapidly enough,  the rate of depolarization  was comparable 
to that observed upon lowering of Po~. 
Influence of Oxygen Tension 
Under standard  conditions the Po2 of the incubation medium in the chamber 
was 600 mm Hg. When the gas mixture used for equilibration was replaced by 
a  mixture containing  20% 02,5%  CO 2 , and  75% N~,  the Po2 of the buffer 
dropped to a value of 120 mm in 10 min. The accompanying changes in mem- 
brane potential were followed in two ways. 
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FmUR~, 9.  Effect of cooling on membrane potential.  Segments of brown adipose tissue 
from two rats were equilibrated simultaneously at 29°C in two separate  chambers.  At 
the  arrows  the  temperature  of the  thermo-regulated organ  bath  was  changed  to  the 
indicated values. 
Fig.  10  describes  the  evolution  of  the  potential  when  the  electrode  was 
allowed to stay in the same cell while the Po, was changed. This direct moni- 
toring  demonstrated  the  rapid  and  reversible  response  to  hypoxia.  Fig.  11 
illustrates that the entire population of cells is influenced nearly simultaneously 
and to about the same extent. 
The  above results  indicate  that  the  membrane  potential  is  dependent  on 
energy production.  The effect of exogenous substrates was therefore assessed. 
When tissue segments were equilibrated in Krebs-Ringer bicarbonate buffer, 
from which glucose had been omitted, the membrane potential could be main- 
tained at a level identical to that of the control for up to 3 hr.  In the absence 
of glucose the addition  of pyruvate  (1  rnM) or a-glycerophosphate  (10  mM), 
which are both known to increase the oxygen consumption considerably  (18), 
produced no change in membrane  potential.  It is likely that sufficient endog- 
enous sources of energy are present to maintain the membrane potential. L.  GIRARDIER ET AL.  Membrane  Potential of Brown Adipose Tissue  935 
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Floum~  t0.  Effect  of Os  availability on membrane potential. The preparation was 
equilibrated for 40 min in Krebs-Ringer bicarbonate buffer in contact with a  gas mix- 
ture containing 95% Os and 5% COs. The Po2 in the buffer was measured to 600 mm 
Hg. At the vertical arrows the gas mixture was exchanged for one containing 20% O~, 
5% COs,  and 75% N2.  After the initial individual recordings indicated by the open 
circles,  the electrode was left as long as possible (indicated by the horizontal arrows) in 
the same cell, and the membrane potential noted every minute (filled circles). The change 
in membrane potential in five cells is represented. 
42K Washout Studies 
In order to test whether ion shifts were produced by the membrane depolariza- 
tion elicited by epinephrine  and low oxygen tension,  the rate of 42K washout 
from preloaded tissue was estimated.  The membrane potential was measured 
at the end of the 60 min loading period. A  mean value of 52  ±  3 mv (SD) was 
found,  which indicates  that  during  incubation  in  the metabolic  agitator  the 
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Fmum~  11.  Effect of 02 availability on membrane potential. Experimental procedure 
as in Fig.  10. Open circles represent individual recordings, fiUed circles indicate values 
obtained when the electrode was allowed to stay in the same ceil. 936  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  52  •  z968 
bath.  Fig.  12 illustrates the change in fractional loss of 42K activity from the 
tissue  during  incubation  in  unlabeled  buffer.  The  initial  high  rates  of loss 
presumably represent the washout of 4'K from the extracellular space. After 60 
rain the curve approaches a  horizontal course. From the subsequent part of 
the efllux curve, an apparent rate constant of 0.68  q- 0.06 hr -1 (SD) (N  =  8) 
was  calculated.  It  appears  that  both  the  addition  of epinephrine  and  the 
lowering of Pos produced a rapid increase in the rate of 42K efflux. 
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FIGURE 12.  Effect of epinephrine and hypoxia on 4~K efflux from brown adipose tissue. 
After loading with ~K the washout of radioactivity into nonlabeled buffer was followed. 
Each of the points was obtained by measuring the amount of radioactivity released in 
I0 rain periods. For details, see text. From the arrows the ¢~K release took place in vials 
which were either gassed with a mixture of 20% O~, 5% COs, and 75% N~; or to which 
epinephrine had been added so as to give the indicated concentrations. 
DISCUSSION 
It  has  been  demonstrated  that  brown  adipose  tissue  after its  isolation  and 
equilibration  can  maintain  a  stable  membrane potential  for  several  hours. 
Under standard  conditions,  mean values between 50  and  55  mv were con- 
sistently found, and the statistical distribution of 718 potentials recorded in 50 
experiments (Fig. 3) indicates that we are dealing with a single and relatively 
homogeneous population of cells. 
The membrane resistance as estimated by measuring the input resistance 
was relatively low. By phase contrast microscopy a mean cell diameter of 40 # 
was measured, and on this  basis  a  membrane resistance of 75 ohm.cm  2 was 
calculated. However, the recent demonstration of electrotonic spread via tight 
junctions between groups of cells in brown adipose tissue from mice implies L.  GmAm)mR  ~r AL.  Membrane  Potential of Brown Adipose Tissue  937 
that the real functional surface might be larger and the membrane resistance 
correspondingly higher  (7). 
The response of the membrane potential to increase in (K)o is similar to the 
pattern described in many other cells (19). However, equilibration in media 
with low potassium concentration led to  a  depolarization. This might be a 
reflection of decreased active Na-K  transport and ensuing loss of potassium 
from the cytoplasm (22). The depolarization in K-free buffer was progressive 
with time, and blocking of the active Na-K  transport with ouabain was ac- 
companied by a  similar gradual depolarization. These phenomena point to 
the fact that the permeability of the cell membrane to Na and K  is relatively 
high under the standard conditions, a conclusion also supported by the meas- 
urements of 42K washout, which was found to proceed with an apparent rate 
constant of 0.68 hr  -I. In extensor digitorum muscle from rat a value of 0.18 
hr  -1 has been reported (20). 
The permeability ratio (pNa/pK) was calculated by the Goldman equation 
(26, 27) : 
RT  E~-  -p- In PK(K)o +  PN.(Na)o 
Px(K)i  --{-- P~,~(Na)i 
or 
RT 
EM  =  --F-- In 
PNa  (K)o q-  ~  (Na)o 
PN, (Na)i  (K)~  -k- 
where pN~ and pK are  permeability constants for Na and K, and R,  T, and F 
have their usual significance. Using the extrapolated value for (K)~ from Fig. 4 
(135 mu), and assuming an intracellular sodium concentration of 15 inM, the 
calculatect ~-  was 0.04, which is a permeability ratio about four times higher 
than the one calculated in most nerves and muscles. 
Upon addition of epinephrine or norepinephrine (5.10  -6 g/rnl)  an abrupt 
depolarization  was  consistently  found.  As  the  membrane  potential  had 
dropped to half the control value within 5 rain, it seems unlikely that a  de- 
crease in total intracellular potassium could have occurred rapidly enough to 
produce such a pronounced change. An alternative explanation would be that 
a large increase in the relative permeability to Na had occurred. Introducing 
into the Goldman equation the values for the membrane potential observed 
shortly after the addition of epinephrine (5.10  -6 g/M), and assuming no im- 
P~r,  mediate change in ionic gradients, the  ~-K  attains a value of 0.33; i.e., an 8- 938  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  -  VOLUME  52  •  I968 
fold increase above control. Using the constant-field approximation (26)  to 
obtain the ion flux ratio, it can be calculated that the increase in the rate of 
42K release could be fully accounted for by the observed decrease in membrane 
potential. 
The depolarizing effect of hypoxia and cold indicates that the membrane 
potential in brown adipose tissue is maintained by energy-requiring processes, 
although the rapidity of the effects suggests  that the passive permeability to 
Na and K might also have been changed. As this tissue has been shown to have 
a large oxygen demand, it seems reasonable to expect that an increase in Qo~ 
will be accompanied by relative anoxia. The catecholamines are potent stimu- 
lators of 02 consumption in brown adipose tissue,  and the depolarizing effect 
of epinephrine and norepinephrine might very well be explained as secondary 
to insufficient oxygenation. However, the addition of pyruvate or a-glycero- 
phosphate, which have been shown to stimulate the 02 consumption in brown 
adipose tissue to about the same extent as norepinephrine (18),  did not pro- 
duce any depolarization. 
Metabolic studies have led to the conclusion that substrate levels are less 
important than the level of phosphate acceptors in regulating the oxygen con- 
sumption in brown adipose tissue (21).  In the presence of catecholamines the 
reesterification of increased amounts of free fatty acids represents a source of 
phosphate  acceptors.  However, recent works indicate that  this  is  quantita- 
tively insufficient to account for the increase in respiration produced by nor- 
epinephrine (18, 21).  It might be of more significance that the increased level 
of free fatty acids could uncouple the mitochondrial oxidative phosphorylation 
and augment both 02 consumption and heat production. 
The present results  suggest an  alternative source of phosphate acceptors 
which might contribute to the stimulation of respiration seen in the presence 
of catecholamines. If epinephrine induces an increase in passive Na influx in 
brown adipose tissue,  the Na-K-ATPase (22)  involved in extruding Na from 
the cytoplasm would be activated and consequently more ADP liberated.  In 
brown adipose tissue this source of phosphate acceptor has not been evaluated. 
However, in several other tissues it has been demonstrated that a significant part 
of basal  energy production is utilized for the active transport of Na and  K 
(23-25). The lability of the membrane potential in brown adipose tissue indi- 
cates that changes in the permeability of the plasma membrane to Na and K 
might easily be elicited. Such changes might be among the primary signals 
activating thermogenic metabolism. 
We wish to thank Professors A.  E. Renold  and M.  Rodbell for continuous interest in our work, and 
Professor J.  M.  Posternak for criticism of the manuscript. 
We had  many useful discussions with Professor  H.  Grundfest whose enthusiasm and  encyclopedic 
knowledge of electrobiology did  so much  to  stimulate our  interest in  this field. L.  Gm~a~,.x~mR ET  AL.  Membrane Potential of Brown Adipose Tissue  939 
This work was supported by the Swiss National Fund for Scientific Research. 
Dr. Clausen was the recipient of a fellowship from the Swiss National Fund for Scientific Research. 
Received  for publication 3 August 1968. 
REFERENCES 
1.  RENOLD, A. E.,  and G. F. CAHILL, .JR., cditors.  1965.  Handbook of Physiology. Sec. 5. 
Adipose tissue. American Physiological Society, Washington. 
2.  MOSINOER, B.,  and  V.  KUJALOVA. 1966.  Potassium-dependent lipomobilizing effect  of 
adrenaline  on  incubated  adipose  tissue.  Biochim. Biophys. Acta.  116:174. 
3.  Ho, R. J.,  and B. JEANRENAUD. 1967.  Insulin-like action of ouabain. I. Effect on carbo- 
hydrate metabolism. Biochim. Biophys. Acta.  144:61. 
4.  LETARTE, j.,  and A. E.  KSNOLD. 1968.  Effects of cations upon glucose transport in iso- 
lated fat cells. In Protides of the Biological Fluids. H.  Peeters, editor. Elsevier Publish- 
ing Co., Amsterdam. p. 241. 
5.  CLAUSEN, T.,  M.  RODBELL, and P. DUNAND. 1968.  The  metabolism of isolated fat cells. 
VII. Sodium-linked, energy dependent and ouabain sensitive potassium  accumulation 
in ghosts. J. Biol. Chem. In press. 
6.  BEICELMAN, P. M., and P. B.  HOLLANDER. 1962.  Effect of insulin upon resting electrical 
potential of adipose tissue. Proc. Soc. Exptl.  Biol.  and Med.  110:590. 
7.  REWL, J. P., and J. D. SHERtDAN. 1968.  Electrophysiological and ultrastructural studies 
of intercellular junctions in brown fat. J.  Physiol. (London).  194:34P. 
8.  SMITH, R. E., and J.  C. ROBERTS. 1964.  Thermogenesis of brown adipose tissue in cold- 
acclimatized  rats.  Am.  J.  Physiol. 206:143. 
9.  JOEL, C. D.  1965. The physiological role of brown adipose tissue. In Handbook of Physiol- 
ogy.  Sect.  5.  Adipose tissue. A.  E.  Renold  and  G.  F.  Cahill, Jr.,  editors. American 
Physiological Society, Washington. p. 59. 
10.  HOOK, W. E., and E. S. GUZMAN BAREON. 1941.  The respiration of brown adipose tissue 
and  kidney of the  hibernating  and  non-hibernating ground  squirrel.  Am.  J.  Physiol. 
133:56. 
11.  SCHACKNEY, S.  E.,  and  C.  D. JOEL.  1966.  Stimulation of glucose metabolism in brown 
adipose tissue by addition of insulin in vitro. J. Biol.  Chem. 241:4004. 
12.  FAn%  .J.N., N. REED, and R. SAPERSTSIN. 1967.  The isolation and metabolism of brown 
fat cells. J. Biol. Chem. 242:1187. 
13.  S~.YDOUX, J., L. GmARDmR, and T. CLAUSEN. 1968. Electrophysiology of brown adipose 
tissue. Hdv. Physiol. Acta. 26, CR251. 
14.  UMBRmT, W.  W.,  R.  H.  BURRIS, and J.  F.  STAUFFER. 1957.  Manometric Techniques. 
Burgess Publishing Co., Minneapolis. 3rd edition, p.  149. 
15.  GARRAHAN, P. V., and I. M.  GLYNN. 1966.  Measurement of ~Na and 42K with a  liquid 
scintillation counting system without added scintillator. J.  Physiol.  (London).  186:55P. 
16.  KEYNES, R. D.  1965.  Some further observations on the sodium efflux in frog muscle. 5. 
Physiol. (London). 178:305. 
17.  WEINER, N., M.  PEBXINS, and R.  L. SmMAN. 1962.  Effect of reserpine on noradrenaline 
content of innervated and denervated brown adipose tissue of the rat. Nature.  193:137. 
18.  LINDBERO, O., J.  DE  PIERRE, E.  RYLANDER, and  B.  A. AFZELIUS. 1967.  Studies of the 
mitochondrial energy-transfer system of brown  adipose tissue. J.  Cell Biol.  34:293. 
19.  HODOKIN, A.  L.  1951. The  ionic basis of electrical activity in  nerve  and  muscle.  Biol. 
Rev. 26:23. 
20.  ZmRLER, K. L., E. Roous, and C. F. HAZLEWOOD. 1966.  Effect of insulin on potassium 
flux and water and electrolyte content of muscles from normal and from hypophysec- 
tomized rats.  J.  Gen. Physiol. 49:433. 
21.  PRUSXNER, S., J. R. WILLIAMSON,  B. CHANCE, and B. M.  PADDLE. 1968. Pyridine nucleo- 
tide changes  during thermogenesis in brown fat tissue in vivo. Arch. Biochem. Biophys. 
123:368. 94  °  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 2  •  ~968 
22.  SKOU,  J.  C.  1965. Enzymatic basis for active transport of Na  + and K + across cell mem- 
brane. PhysioL Rev. 45:596. 
23.  ZEHRAN, K.  1956. Oxygen consumption and active sodium transport in the isolated and 
short-circuited frog skin.  Acta Physiol. Stand.  36:300. 
24.  WHITTAM, R.,  AND M.  E.  AGER. 1965. The connexion between active cation transport 
and metabolism in erythroeytes. Biochem. J. 97:214. 
25.  CLAUSEN, T.  1966. The relationship between the transport of glucose  and cations across 
cell membranes in isolated tissues. II. Effects  of K+-free medium, ouabain and insulin 
upon the fate of glucose  in rat diaphragm. Biochim. Biophys. Acta.  120:361. 
26.  GOta)~AN, D.  E.  1943. Potential, impedance,  and rectification in membranes. J.  Gen. 
Physiol. 27:37. 
27.  HODOmN, A. L., and B. KATZ. 1949. The effect of sodium ions on the electrical activity of 
the giant axon of the squid. J. Physiol. (London).  108:37. 